A robust free-standing MoS2/ poly (3,4-ethylenedioxythiophene):poly(styrenesulfonate) film for supercapacitor applications Abstract Two-dimensional molybdenum disulfide (MoS2) is a promising energy storage material due to its high surface area and unique electronic structure. Free-standing flexible MoS2-based electrode is of importance for use in flexible energy storage devices, whereas there are limited reports available. In this work we developed a robust hybrid film, MoS2 incorporated with highly conductive poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate). This free-standing film possesses excellent mechanical properties with a fracture strength of 18.0 MPa and a Young's modulus of 2.0 GPa. It can deliver a large volumetric capacitance of 141.4 F cm-3, a high volumetric energy density of 4.9 mWh cm-3, and a capacitance retention rate of 98.6% after 5000 charge/discharge cycles. This film has demonstrated its application in an all-solid-state bendable supercapacitor as well.
Introduction
Flexible/bendable electronic equipments such as roll-up displays and wearable devices are currently under rapid development, which urgently requires the development of flexible energy storage devices to match. [1] [2] [3] As an important energy storage device, flexible supercapacitor has attracted attention due to its ease of large-scale production and promising electrochemical properties (i.e. large capacitance, high power density and long cycle life). [4, 5] Free-standing, binder-free films are one very important type of flexible electrodes, since they can be easily processed into different shapes and sizes for simplicity of device fabrication. Two-dimensional (2D) graphene or conjugated polymers films have demonstrated this use, [6] [7] [8] [9] while the pursuit of new materials with higher performance is still in demand.
Molybdenum disulfide (MoS 2 ) nanosheet, as a typical inorganic analogue of graphene, has emerged as an excellent material for energy storage applications due to its sheet-like structure providing large surface area for charge storage. [10] [11] [12] The centre Mo atom in MoS 2 has a wide range of oxidation state from +2 to +6, offering pseudo-capacitances. [13] [14] [15] Moreover, MoS 2 is non-toxic, eco-friendly and of low cost. [16] Li-intercalation exfoliation method is a widely used method to fabricate single-and few-layer MoS 2 nanosheets. The produced high-concentration MoS 2 nanosheets in dispersion are the ideal precursor for fabrication of free-standing MoS 2 films. In addition, these Li-intercalation exfoliated MoS 2 nanosheets contain a high ratio of metallic 1T phase, [17] which can electrochemically intercalate with various ions, resulting in high capacitive performance. The 1T-MoS 2 film via filtration delivered a volumetric capacitance ranging from 400 to 700 F cm -3 in aqueous electrolytes. [17] However, this film was used with the aid of a mechanical support of a gold coated substrate. Probably the free-standing film was lacking in mechanical robustness and flexibility due to the small lateral size of MoS 2 nanosheets (typically < 1 µm) and the relatively low aspect ratio. [18] The large size of liquid-crystal MoS 2 may provide a solution. [19] Moreover, the restacking of MoS 2 nanosheets may result in a poor capacitive performance especially for thick films, due to the loss of surface area. 
Experimental

Materials
Molybdenum disulfide fine powder was sourced from Asbury Carbon. Poly (3,4- ethylenedioxythiophene):polystyrene sulfonate (PEDOT: PSS) pellets were obtained from Agfa Group. N-butyllithium (2.5 M solution in hexane) was purchased from Sigma-Aldrich.
Fabrication of MoS 2 nanosheets in aqueous dispersion
Chemically exfoliated MoS 2 nanosheets were prepared using lithium intercalation-exfoliation method developed by Morrison and co-workers. [28] Briefly, dried MoS 2 powder (1g) was put into a 100 mL round-bottom flask, followed by the addition of 2.5 M n-butyllithium solution (10 mL). This mixture was stirred for 48 h under the protection of argon. Then the Liintercalated MoS 2 was exfoliated into water (~100 mL) via sonication. The resulting dispersion of exfoliated MoS 2 nanosheets was purified by dialysis with water for 2 weeks, removing the contained lithium ions and organic residues.
Fabrication of MoS 2 /PEDOT hybrid films
The MoS 2 nanosheet dispersion (~1 mg mL -1 , 60 mL) was added dropwise to 1.5 wt% PEDOT:PSS dispersions (4 mL, 2 mL or 0. 
Structural and morphological characterization
The topographic data of exfoliated MoS 2 nanosheets were collected by atomic force microscopy (AFM) (Asylum Research, MFP-3D). Transmission electron microscopy (TEM) images of MoS 2 nanosheets were collected using JEOL JEM-2200FS. The morphology of the films was characterized with field emission scanning electron microscopy (FE-SEM) (JEOL JSM-7500FA). Raman spectra were obtained with a confocal Raman spectrometer (Jobin Yvon HR800, Horiba) using a 632.8 nm diode laser. X-ray photoelectron spectroscopy (XPS) data was collected from a hemispherical energy PHOIBOS 100/150 analyser. Tensile tests of the films were conducted using a Shimadzu EZ mechanical tester at a cross-head speed of 1 mm/min.
Supercapacitors assembly and electrochemical measurements
Symmetrical supercapacitors were assembled into two-electrode Swagelok type cells with filter paper as separator and 1 M Na 2 SO 4 as electrolyte. The films were cut into a dimension of 0.5 cm × 0.5 cm for use.
For an all-solid-state supercapacitor, a PVA/H 3 PO 4 gel electrolyte (PVA:H 3 PO 4 , 1:1.5) was used following the previously reported procedure. [29] A film electrode (1 cm × 2 cm) was pasted onto a stainless steel mesh with silver paste (Electron Microscope Sciences Co.), followed by being immersed in the electrolyte overnight. Two electrodes with the semi-dried electrolyte layer were pressed together forming flexible devices.
Cyclic voltammetry (CV) of the device was conducted from 0 to 1 V using a CHI 604D (CHI Instruments). Electrochemical impedance spectra were obtained using a Gamry EIS 3000 system over the frequency range of 100 kHz to 0.01 Hz with an AC perturbation of 10 mV at open circuit potential. Galvanostatic charge/discharge tests of the devices were performed using a battery test system (Neware Electronic Co.) between 0 and 1 V.
Results and discussion
The exfoliated MoS 2 nanosheets show a lateral sheet size of 100-200 nm (Fig. 1a) . The height profile displays a thickness of around 1.0 nm (Fig. 1b) . The nanosheet with a ~2.0 nm thickness can also be observed, indicating a 2-3 layered structure. The thickness of a mechanically exfoliated MoS 2 monolayer is typically 0.65~0.70 nm. [30, 31] The variation in thickness can be ascribed to the surface corrugation due to distortions, the presence of adsorbed or trapped molecules. [32] The TEM image further reveals a layered structure of the exfoliated MoS 2 nanosheets ( Figure 1c) . A typical few-layer MoS 2 nanosheet can be observed with an average interlayer distance of 0.66 nm.
The pristine PEDOT:PSS film shows a compact and featureless cross-sectional view (Fig. 2a) .
Within a free-standing MoS 2 film, MoS 2 nanosheets restacked on top of each other forming a typical layered structure (Fig. 2b) . With the introduction of PEDOT:PSS into the system, it still retains a layered structure (Fig. 2c-e) . At higher magnification, no distinct gaps can be found between the nanosheets assembly within the hybrid film (MoS 2 /PEDOT-2) as that for MoS 2 (Fig. 2f, 2g ). This may be explained by that the polymer PEDOT acts as glue connecting MoS 2 sheets together. All the elements Mo, S and C were uniformly distributed within the MoS 2 /PEDOT-2 film, as evidenced from the energy dispersive X-ray spectroscopy (EDS) results ( Figure S1 ), indicating the even distribution of PEDOT:PSS in the hybrid film.
In comparison, no C element can be detected on the cross-section of the neat The reinforcement effect of PEDOT:PSS on the mechanical properties of the hybrid films was characterized by tensile tests ( increase, respectively. The respective maximum elongation was also increased to 1.4% and 0.9%, a 442% and 262% increase. These films are robust, as demonstrated in Fig. 2f (inset).
The detailed mechanical properties are summarized in Table 1 (Fig. 4b) , demonstrating an excellent capacitive behaviour. For neat MoS 2 , the distortion of the curves can be clearly seen when the scan rate reaches 50 mV s -1 (Fig. 4c) , which may be ascribed to its low conductivity.
The supercapacitors based on MoS 2 /PEDOT-2 films showed nearly linear and symmetric charge/discharge curves at the applied current densities range of 0.2 to 4 A g -1 (Fig. 4d), indicating an excellent reversibility. These hybrid films delivered much larger volumetric capacitances than neat MoS 2 or PEDOT:PSS film at a current density of 0.2 A g -1 (Fig. 4e) .
The current applied was based on the total mass of both film electrodes. The volumetric capacitance of a single electrode was calculated using the equation of
, where C V is the volumetric capacitance in F cm -3 , ρ is the density of the films in g cm -3 , C g is the gravimetric capacitance in F g -1 , i is the discharge current in A, t is the discharge time in s, m is the total mass of the two electrodes in g and ΔV is the scan potential window in V. These hybrid films present enhanced volumetric capacitances (C V ) (Fig. 4f) (Fig. 4g) . At the 5000th cycle, the former offered a capacitance retention rate of 85.0%, while the latter only retained 73.4% of its initial capacitance. In contrast, MoS 2 /PEDOT-2 electrode only showed a slight volumetric capacitance loss over 5000 cycles.
The retained capacitance was 116.2 F cm -3 , 98.6% of the initial capacitance (117.8 mF cm -3 ), suggesting its excellent cycling stability. Such cycling performance is superior to the reported MoS 2 -conjugated polymer composite electrodes, such as 90% retention after 1000 cycles for MoS 2 /PEDOT composites [25] or 85% after 4000 cycles for MoS 2 /polypyrrole composites [14] .
It is also higher than the reported MoS 2 /GO films (95% after 10000 cycles at 300 mV s -1 ). [18] These cells were disassembled for investigation. Compared to the pristine films, cracks were generated on the MoS 2 film after electrochemical cycling ( Figure S2a, b) , while the The 1T-MoS 2 film displayed a superior energy density of up to 16 mWh cm -3 in aqueous electrolyte. [17] This may be ascribed to its high content of 1T-MoS 2 nanosheets (~70%) and the low thickness of the film, only ~1 µm. It should be pointed out that the film thickness can dramatically influence the capacitive performance, since a higher ion diffusion length in the thick film leads to lower charge/discharge rates and power densities. [44] The thicknesses of our films are close to those of commercial cell electrodes, which are in the range of 10 to several hundreds of microns. [45, 46] The energy densities obtained using MoS 2 /PEDOT films are also higher than or comparable to that of MoS 2 /GO composites [18] and directly deposited MoS 2 thin film [47] , thermally reduced graphene oxide-based microsupercapacitors (TG MSCs) [48] or methane-plasma-treated graphene-based microsupercapacitors (MPG MSCs) [48] . These results are also higher than observed with conventional electrolytic capacitors [49] and lithium thin film batteries, [50] suggesting its potential applications as a practical supercapacitor electrode. We should also point out that our free-standing MoS 2 /PEDOT films possess better electrochemical performance and remarkably enhanced mechanical robustness and flexibility compared to those reported for MoS 2 /graphene films [18] and graphene/polymer films [33, 34] suggesting that use in flexible energy storage devices is viable.
Nyquist plots of electrochemical impedance spectroscopy (EIS) for these film electrodes are depicted in Fig. 5a . The simulated equivalent circuit consists of four elements (inset of Fig.   5a ): bulk resistance (R s ), charge-transfer resistance (R ct ), Warburg impedance (W) and constant phase element (CPE). The detailed values of each element are listed in Table S1 (see supporting information). To investigate the potential application of these hybrid films in flexible devices, the MoS 2 /PEDOT-2 films were further assembled into all-solid-state supercapacitors. The device (inset of Fig. 5b ) was tested at a scan rate of 50 mV s -1 from 0 to 1 V under different bending angles (Fig. 5b) . The volumetric capacitances of the single electrode were calculated using the equation: supercapacitors. This proven integrity of these hybrid films against repeated bending indicates that they are promising electrodes for use as flexible supercapacitors.
Conclusions
Free-standing MoS 2 /PEDOT hybrid films were developed by simply incorporating PEDOT:PSS into the chemically exfoliated MoS 2 nanosheets via a simple vacuum filtration technique. These hybrid films showed substantially enhanced mechanical properties compared to neat MoS 2 film, which can be explained by that the polymer PEDOT acted as glue between the MoS 2 nanosheets. The robustness and flexibility of these electrodes could also be evidenced by the electrode integrity being retained over 1000 bending cycles. The highly conductive and hydrophilic PEDOT:PSS also effectively improved the conductivity and charge delivery, resulting in greatly improved electrochemical properties. The 
